Abstract Anilines react with 5-nitroindoles in the presence of t-BuOK in N,N-dimethylformamide (DMF) to form 5-nitroso-4-arylaminoindoles that in turn when treated with N,O-bis(trimethylsilyl)acetamide cyclize to pyrrolo[3,2-a]phenazines. In an alternative approach pyrrolo[3,2-a]phenazines are formed from aminoindoles and nitroarenes.
Introduction
Phenazine derivatives are an important class of condensed heterocycles of natural origin [1] [2] [3] [4] . Selected methods of synthesizing the phenazine framework are presented in Scheme 1. One of the oldest methods is the reaction of anilines with nitroarenes under basic conditions (the WohlAue reaction, path a) [5] . The Holliman synthesis of phenazines (path b) is a base-induced cyclization of orthonitrodiphenylamines [6] . In the Bamberger-Ham reaction (path c) nitrosobenzenes dimerize under acidic conditions to form phenazines [7] . Other methods are the condensation of ortho-phenylenediamines with ortho-quinones (path d) [8] , reaction of benzofuroxanes and phenols (the Beirut reaction, path e) [9] , and palladium-catalyzed cyclization of 2-amino-2 0 -bromophenylenediamines (path f) [10] . The classic Wohl-Aue synthesis of phenazines consists in the reaction of anilines with nitroarenes under harsh basic conditions, usually by heating of both starting materials with sodium or potassium hydroxide at 200°C [5] . In recent years we extensively studied nucleophilic aromatic substitution reactions of hydrogen in nitroarenes [11] [12] [13] [14] [15] . During these studies we have found that anilines react with nitrobenzene derivatives under mild conditions in the presence of t-BuOK in DMF at -50°C to form 2-nitrosodiphenylamines that in turn upon treatment with acetic acid cyclized to phenazines (Scheme2) [16, 17] .
Other transformations of 2-nitrosodiphenylamines into heterocyclic systems developed by us include reactions with benzyl aryl sulfones to form 1,2-diarylbenzimidazoles [18] and cyclocondensation with functionalized alkyl acetates, such as malonates, phenyl-and phosphonyl-acetates, leading to 1-arylquinoxalin-2(1H)-ones [16, 19] .
1,2-Benzo-and 1,2-heteroaryl-fused phenazines are of interest owing to their potential biological activity, as intercalators [20, 21] , and antimicrobial agents [22, 23] . Reports on the synthesis of pyrrolo[3,2-a]phenazines are scarce. 1-(2-Aminoethyl)pyrrolo[3,2-a]phenazine was formed from 1,2-phenylenediamine and the 4,5-indoloquinone arising from electrochemical oxidation of 5-hydroxytryptamine [24] . Dipyrrolo[3,2-a:3,2-h]phenazines were synthesized in the oxidative dimerization of 5-aminoindoles [25] . Some pyrrolo[3,2-a]phenazine-10-carboxamides, obtained from 4-aminoindole and 2-iodo-3-nitrobenzoic acid, were tested as cytotoxic agents [26] .
Results and discussion
In this paper we present a simple synthesis of pyrrolo[3,2-a]phenazines from nitroindoles and anilines. Thus when we treated 5-nitroindole derivatives 1 and anilines 2 with tBuOK in DMF at -50°C, the expected 4-(N-arylamino)-5-nitrosoindoles 3 were formed in good yields (Scheme 3 and Table 1 ).
Some of these compounds (3b and 3f) proved unstable and thus after isolation without further purification they were used in the next step to form phenazines. The 1 H and 13 C NMR spectra of the obtained nitrosoamines 3 and 7 deserve some comments. In the spectra of some of these compounds we observed broadening of the signals corresponding to the protons and carbon atoms of the nitrososubstituted moiety and thus their full interpretation was troublesome. Such a signal broadening is probably due to a slow rotation of the nitroso group around the C-N bond. A similar phenomenon was observed in the NMR spectra of 2-(alkylamino)-and 2-(arylamino)nitrosobenzenes [27, 28] .
In our earlier papers we have shown that cyclization of N-(2-nitrosophenyl)anilines to phenazines proceeds satisfactorily in boiling acetic acid [16, 17] , with K 2 CO 3 in methanol at room temperature [17] , or with N,O-bis(trimethylsilyl)acetamide (BSA) [17] . Attempted cyclization of the model nitroso compound 3d in boiling acetic acid was unsuccessful; the starting material was consumed within 90 min (TLC control) but no defined products were obtained. No reaction of 3d was observed in the presence of K 2 CO 3 in methanol. The cyclization of 3d occurs satisfactorily in the presence of BSA in DMF at 80°C giving the expected pyrrolophenazine 4d in good yield. These reaction conditions were adapted to reactions of other 4-(Narylamino)indoles 3. The results are summarized in the Table 1 .
Alternatively, the pyrrolo[2,3-a]phenazines can be obtained from aminoindoles and nitroarenes (Scheme 4). Thus, when we reacted 4-aminoindole 6a with 4-nitroanisole (5) under standard conditions (t-BuOK/DMF, -50°C) the expected nitrosoaniline 7a was formed. Since the amine 7a proved unstable, it was without purification subjected to AcOH reaction with BSA and cyclized to 9-methoxypyrrolo[3,2-a]phenazine 4g that was isolated in 90 % yield. Similarly 5-aminoindole 6b and 4-nitroanisole formed the relatively stable nitroso derivative 7b that was isolated in 40 % yield. Treatment of the compound 7b with BSA led to isomeric 8-methoxypyrrolo[3,2-a]phenazine 4h in 64 % yield. These reactions show the versatility of the proposed approach to pyrrolophenazines enabling the synthesis of derivatives bearing substituents in the desired position of the heterocyclic system, as exemplified by the synthesis of 8-and 9-methoxy derivatives 4g and 4e that can be obtained from different nitroarene-amine pairs, namely 5-nitroindole and para-anisidine or 5-aminoindole (6b) and 4-nitroanisole (5) .
In summary, a novel two-step approach to pyrrolophenazines starting from easily available nitroindoles and anilines was developed. In an alternative reaction sequence the pyrrolophenazines can be obtained from nitroarenes and aminoindoles. The simplicity of this approach makes it an interesting alternative to other procedures.
Experimental
All reactions were performed under argon atmosphere. 1 H and 13 C NMR spectra were recorded on Bruker 500 MHz spectrometer (500 MHz for 1 H and 125 MHz for 13 C spectra). Chemical shifts (d) are expressed in ppm referred to TMS, coupling constants in Hertz. Mass spectra (EI, 70 eV) were obtained on an AMD-604 spectrometer. ESI mass spectra were obtained on SYNAPT G2-S HDMS. Merck silica gel 60 F 254 plates were used for TLC. Merck silica gel 60 (230-400 mesh) was used for flash column chromatography.
Typical procedure for synthesis of compounds 3 and 7 N-(4-Chlorophenyl)-1,2-dimethyl-5-nitroso-1H-indol-4-amine (3a, C 16 H 14 ClN 3 O) 4-Chloroaniline (0.32 g, 2.5 mmol) in 2 cm 3 DMF was added to a solution of 0.67 g t-BuOK (6 mmol) in 10 cm 3 DMF cooled to -50°C. After 5 min a solution of 0.38 g 1,2-dimethyl-5-nitroindole (2 mmol) in 3 cm 3 DMF was added. The reaction was stirred at -50 to -40°C until the starting indole disappeared (1-2 h, TLC control, SiO 2 , toluene/ethyl acetate 10:1). Then the reaction mixture was Scheme 3 16 (s, 3H), 3.87 (s, 3H), 3.94 (t, J = 7.8, 2H) 
